Abstract: Building and construction sectors are significant contributors to the global economy, but their energy consumption necessitates greater commitment to sustainable developments. There is therefore a growing demand for green innovation in the form of cleaner production and policies to meet the modern requirements of sustainability. However, the nature in which public work is undertaken is in an environment of project-based market competition, whereby contractors routinely bid for contracts under specific project awarding systems, and variations are accompanied with the unique scope of individual projects before the final goods or services are delivered. A comprehensive understanding of the characteristics and contractors' behavior in systems could help to identify the leverage points of policies. This paper proposes a system dynamics model, with quantitative analysis and simulations, to demonstrate the problems of a system with different project awarding systems and ineffective market performance. The framework of market efficiency and performance measures has been proposed to evaluate the project-based competition mechanism. Managerial policy implications for market efficiency and sustainable developments can thus be systematically discussed and compared through iterative computer simulations and scenario analysis.
Introduction
Throughout history, the building and construction sectors have long been acknowledged as holding a unique position in contributing to economic development and quality of living improvements around the world. Although previous studies estimated that construction can contribute approximately 13% of the global gross domestic product (GDP) [1] , this comes as a cost, since various statistics show excessive consumption of global resources and excessive energy use and associated global greenhouse gas (GHG) emissions [2, 3] . The building sector accounts for 30%-40% of global energy use by the United Nations Environment Program [4] . Spence and Mulligan [5] reported that the construction of buildings annually consumes 25% of virgin wood and 40% of raw stone, gravel and sand. In addition, globally, buildings could consume 16% of the water and indirectly produce nearly 70% of all sulfur oxides [6] . The pressures of sustainable development in the building and construction sectors have become an emerging issue across the world and include the improvement of construction practices and green innovations, such as ecological construction, green building, recycling and eco building materials, in order to minimize their environmental impacts [7] [8] [9] [10] [11] [12] [13] . However, the building and construction industries have been blamed for issues in technological innovations, quality and sustainability with inadequate market competition and governmental policies. More comprehensive standards and governmental policies that lead to a positive market environment are critical for sustainable developments in the building and construction sectors.
This need for more sustainable products, design and construction processes has been noticed by international organizations and governmental policies that now promote new standards for sustainability in building and construction industries, including the requirements for functional, technical, environmental, social and economic performances [14] . Many efforts and standards have been implemented to enhance the environmental sustainability of the construction process at different management levels; for example, the U.S. Green Building Council (USGBC)'s Leadership in Energy and Environmental Design (LEED) green building rating system, ISO 14001 certification and European CEN/TC350 (sustainability of construction works) [14, 15] .
With increasing awareness of policies for sustainability in the building and construction sectors, considerable effort has focused on environmental performance and consumption of construction processes and the operation of buildings and infrastructures [15] . However, few studies have dealt with governmental procurement policies, the project-based market competition mechanism and their impacts on sustainable development. Sustainability is a complex concept in the building and construction industries, and there are many diverse stakeholders that may contribute to the success or failure of sustainability measures, including government agencies, clients, general contractors and the professional sub-contractors [16] . Previous studies have proposed that the transformation of sustainable construction to less energy consumption and associated air emissions is at a relatively early stage because of the decentralized nature of construction processes and the fragmented subcontracting system [15] . Some construction companies are trying to overcome environmental pressures by seeking technological innovations that provide specific advantages for clean construction [17] . Factors such as public regulatory changes and market mechanisms need to facilitate the improvements of sustainable developments in the building and construction industries, even though the industry has an enormous reputation for being conservative with respect to change [18] [19] [20] .
To facilitate contractors' upgrades and green innovations, a systematic understanding of project-based competition characteristics and governmental policy implications is needed. Government agencies regularly procure construction projects, service projects or equipment through specific project awarding systems. For decades, the price-based system (PBS) has been extensively used for project awarding. In a price-based awarding system (or the lowest price bidding system), contractors are invited openly to submit sealed prices individually, and the contractor who offers the lowest price for the project will be awarded. The PBS is especially popular for government-procured projects. Governments utilize this system for its simplicity and fairness and expect to obtain economic benefit through price competition [21, 22] . However, as many unreasonable price competitions and consequent poor project performance have been frequently observed, many researchers have pointed out that the price competition itself is not sufficient to guarantee an economical and quality product [23] . Accordingly, the qualification-based system (QBS) has been proposed as an alternative to find competent contractors, while considering more non-price criteria for project awarding (alternatively, this could be regarded as the best value system) [23, 24] .
Since the project owner is the only buyer in the market, the project awarding system adopted by the project owner would form the rules of competition and market competitive behavior. From the perspective of industrial economics S-C-P (structure-conduct-performance) theory, the rules of market competition and contractor's competitive behavior would determine the outcomes of contractors' performance and the development of the whole industry. This is especially true when the pressures on sustainability continuously call for improvements in the built environment and its operations. However, previous studies have mostly concerned the contractor selection and project awarding from the project-level viewpoint. From the industry-level viewpoint, few studies have developed models to analyze the project-based market competition, market efficiency and managerial policies under the price-based and qualification-based awarding systems. To fill the gap, this paper aims to propose a system dynamics model that demonstrates the market competitive behavior and the inherent system problems of ineffective competition under PBS and QBS. The unique contributions of this paper are specifically delivered with qualitative systems analysis and simulation-based quantitative analysis. For qualitative analysis, a set of contractors' behavioral systems inherent in the project-based transaction process is explored from a holistic perspective. For the quantitative analysis, a simulation model is proposed as an explanatory model for evaluating the dynamics of competition and market efficiency under different managerial policies. The proposed models can help researchers and practitioners better understand the project-based market competition and evaluate managerial policies that promote sustainable developments in the building and construction sectors.
Research Methodology
System dynamics (SD) was the main methodology adopted in this paper. The methodology was first proposed in 1956 by MIT professor Jay Forrester with a foundation of decision-making, dynamic relationships, feedback analysis and simulation [25] . In the past few decades, SD has been comprehensively used to analyze many complex social systems, particularly in industrial contexts [26] . SD emphasizes how the focus of the study interacts with the other constituents of the system. SD modeling efforts can improve our understanding of the relationships between feedback structures and the dynamic behaviors of a system, so that policies for improving problematic behavior may be developed. The concept is consistent with agent-based computational economics (ACE), the emerging science in the economics field, which emphasizes the modeling economic process as a dynamic complex system [27] . By "stock-flow" modeling, SD emphasizes the evaluations of quantified performance over time for the research subjects and derives model-based understanding and applicable policy insights from the simulation-based scenario analysis. Thus, the SD modeling in this paper can support the analysis of market competitive behavior from a holistic viewpoint. It also functions as a virtual laboratory for policy experiments, which are generally difficult using traditional analytic tools.
Although there is no single standardized process for the implementation of the SD model and validation, methodologically, this research was conducted by three major processes: (1) system conceptualization; (2) model formation and validation; and (3) scenario analysis and policy evaluation. First, after the identification of research objectives, a literature review was conducted to explore the issues of abnormal low bids, poor quality and contractors' opportunistic bidding behavior under project-based market competition. System conceptualization means that the system is described in a qualitative language to show the dynamics of the variables involved in the observed systems. The result of the conceptualization is represented in the form of a causal loop diagram, which serves as a primitive form of the proposed SD model. Accordingly, this paper uses causal loop diagrams to depict contractors' behavioral feedback loops under price-based and qualification-based awarding systems. Second, in the model formation and validation step, the developed causal loop diagrams evolved to have quantitative attributes. By providing numbers and equations for the diagrams, a simulation model was developed that required proper testing or validation. This paper integrated the modules of simulation models in previous studies with modified measures for extended applications. The modules were verified by the partial model testing method, sensitivity analysis and mathematical checking. Finally, for scenario analysis and policy evaluation, iterative simulations were performed to analyze the circumstances under different project awarding systems and market scenarios. The impacts of different managerial policies on improving market efficiency and ideal performance were also evaluated.
Previous studies have indicated that the only statements that can be validated are pure analytic statements; thus, an SD model developed to mimic social systems cannot be verified [28] . Alternatively, SD model testing focuses on the iterative process to build confidence that a model is appropriate for the research purpose. A wide range of specific tests have been developed to uncover flaws and improve models in the SD field. Besides the testing methods for correcting mathematical errors, model testing methods can be grouped into two types in terms of the purpose of the testing. The first type of model testing is for assuring the accuracy or the predictability of the developed model, and the second one is for assuring the logic of rules in the developed model. The first type of testing is particularly applicable when a model is developed for predictions or for determining sophisticated quantities; for example, a model developed for predicting the sale ratio of housing projects or for selecting a profitable plan for housing projects. In this situation, modelers usually need abundant historical data to estimate the precise magnitude of each variable, so as to assure the accuracy of the model. As the proposed SD model in this paper is not used to calculate contractors' bidding prices and exact market prices, but only used to simulate how specific competitive behaviors affect the market efficiency by controlling variables, the logic of rules adopted in the model should be the focus of model testing. Therefore, this paper adopted the principles of the partial model test [28] .
In a partial model test, the function or variable of interest is controlled in an exclusive environment independent of the interactions or influences from the other variables or functions, to test its intended rationality. For instance, each loop in a three feedback loop system can be analyzed independently when the other two loops are temporarily excluded and deemed as exogenous to the system. After each component of a complicated system passes the logical checking of partial model tests, the reliability of the model is further enhanced. Therefore, throughout the following sections, this paper firstly explains the logics of ideas, as well as the systems analysis of the project-based market competition with causal loop diagrams. Then, an integrated simulation model with structural equations and parameter settings from previous studies were carefully adopted. Scenario analysis and sensitivity analysis with different parameter settings were performed for policy evaluation.
Systems Analysis of the Project-Based Market Competition
In this section, the market competitive behavior under the price-based and qualification-based awarding system is analyzed from a systems thinking perspective adopting the causal loop diagram and the concept of reinforcing and balancing feedback loops. The reinforcing feedback loop represents the effects of malign or benign cycles, and a balancing feedback loop symbolizes the tendency to maintain a goal.
The Market Competitive Behavior under the Price-Based Awarding System
The basic principle behind the PBS is that the price competition process encourages efficiency and innovations by contractors. Under an ideal market mechanism, contractors can benefit from the use of innovative production technologies to reduce costs, encouraging the growth of the contractors, even though quality improvement involves a learning process over time [29] . For public agencies, PBS will also protect the public from extravagance, corruption and other improper practices by public officials. Previous studies have developed a holistic model to demonstrate the benefits and concerns of the PBS in the construction industry [30] . Since the building and construction industry is representative of markets by project-based competition, the findings could be adopted for the model developments in this paper.
Based on the Bertrand price competition model of economics, companies will assess and predict prices offered by their competitors before they determine their own price [31] . Accordingly, the bidding prices of previous tenders (market price) are important references for bidders of subsequent tenders and have feedback relationships with contractors' bidding prices. The previous bidding prices sequentially affect contractors' pricing in the subsequent tenders, while contractors are forced to lower their prices in response to price competition.
On the other hand, previous studies have also suggested that an identical causal relationship exists between market price and the number of competitors [32, 33] . A higher market price will attract more competitors, but these competitors have to steeply cut prices to win contracts in the competitive market. Consequently, the market price might dramatically drop down and force some competitors to quit the market. This balancing feedback process depicts a company's behavior in response to the demand and supply relationship until both the market price and the number of competitors are balanced.
In this section, this paper highlights contractors' opportunistic bidding behavior as an inherent system problem of the PBS with behavioral feedback loops. Lo et al. [34] proposed that contractors will opportunistically cut the bidding price to take a greater market share when they have an expectation of obtaining beyond-contractual rewards. The beyond-contractual reward (BCR) is defined as the cost reductions through cutting corners and the compensations gained from claims. In accordance with the aforementioned evidences, at least six adverse feedback loops hidden within the PBS have been identified [35] . Subsequent studies and empirical analyses support the adverse impacts on the building and construction industries in many countries, including the U.S. and China [36] [37] [38] [39] [40] [41] . The structural feedback loops of project-based competition (as shown in Figure 1 ) are summarized as the following three groups:
(1) The feedback loops driven by opportunism:
The concept of opportunism represents that companies always want more of what they like, and this may imply that interests are pursued in an opportunistic fashion [42] . Accordingly, it is inferred that when contractors have experienced obtaining BCR in the past, they tend to repeatedly cut corners and abnormally raise claims to maximize profit, regardless of the reasonableness of the award price. The behavioral tendency would induce reinforcing feedback loops and adverse effects.
(2) The feedback loops driven by the pressures of competition:
When a contractor deliberately cuts a price, the cost pressure will induce the contractor to cut corners and abnormally raise claims in the project execution phase for survival. After a period of time and the experience accumulated, the contractor may have confident expectations of BCR and offer lower prices for future projects. This reinforcing feedback process will constantly intensify contractors' opportunism and the adverse effects.
(3) The feedback loops driven by pursuing BCR:
Rooke et al. [43] proposed that opportunistic contractors tend to expend more effort generating profit from claims instead of obtaining profit with improved construction methods. Accordingly, if there is potential BCR that is readily attainable, the opportunism will discourage contractors' willingness to improve their capabilities, especially when the award price is quite low and most contractors survive upon BCR. Previous economic studies have proposed that R&D is engaged in improving the quality of products when product market competition gets more intense [44] [45] [46] [47] . Bucci and Parello [48] found that the shape of the relationship between competition and growth can change dramatically according to which proxy of competition is used. However, the findings are not well applicable when contractors continuously pursue BCR as adverse feedback loops.
As contractors' opportunistic bidding behavior forms the aforementioned adverse feedback loops, which will continuously intensify over time, it can seriously damage the ideal functions of the PBS. In this situation, green innovations become relatively less important, and contractors are less incentivized to invest in research and development for sustainability. 
Policy Implications for the Price-Based Awarding System
The feedback loops analysis indicated that contractors' expectation of BCR can intensify their opportunism and the opportunistic bidding behavior, while the potential BCR in a project management system is a driving factor. Therefore, the owners have a strong incentive to put greater efforts into improving their project management system, including the soundness of contracts and the strictness of the monitoring system. A sound contract should include comprehensive documentation, specifications and drawings. Once the strictness of the owner's project management system is improved, the adverse loops may be obsolete. This policy is specifically important for the implementation of a sole PBS. Note that there are other types of projects, such as collaborative project arrangements, contractor-owner partnering contracts and strategic alliance projects, that might be affected by other critical factors outside the identified feedback loops.
The Market Competitive Behavior under the Qualification-Based System
To meet clients' multidimensional demands, such as time, cost, quality, environmental performance and sustainability, only one or two criteria might not be sufficient to identify a qualified contractor [49, 50] .
The QBS is designed to find qualified and competent contractors instead of lowest bidders. Besides price, non-price criteria, such as contractors' past performance, work experience, technical and management skills, financial capability, etc., are adopted in the system. The QBS can also be recognized as the "best value" selection system, while some studies distinguish best value selection and the QBS on whether the price is included or not in the project awarding criteria [51, 52] . From the systems perspective, the use of the QBS will lead contractors to form additional reinforcing feedback loops (as shown in Figure 2 ). performance record-bidding competitiveness-share of the market-work experiencetechnical and management skill-cost-price feasibilityabnormal claims and cutting corners-performance record
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performance record-bidding competitiveness-share of the market-financial capabilityinvestment in R&D-technical and management skill-costprice feasibility-abnormal claims and cutting cornersperformance record abnormal claims and cutting corners The inclusion of non-price criteria generates reinforcing loops, which lead contractors to increase competitiveness and expand their businesses in a positive way. An experienced contractor can gain more competitiveness in the selection phase and consequently obtain more share of the market and more work experience. In addition, QBS usually requires contractors to submit a technical proposal and brief on a project plan, management systems, equipment and technology, and other resources will be adopted. By taking construction projects as examples, contractors can create their competitiveness through innovative designs, materials and construction methods, so as to raise the project quality and better satisfy the owners' need [53] . Accordingly, reputable contractors with better technical and management skills will more likely be able to prepare quality proposals and win contracts. Green innovations and better proposals for sustainability would be acknowledged, especially for the building and construction projects that require higher ecological and environmental standards. Consequently, they have a greater chance to further improve technical and management skills through the execution of works and R&D. In addition, when contractors' financial capability is considered in a QBS, a contractor with good financial capability will have greater competitive advantage and market share, enabling the contractor to further enhance his financial capability.
Lo and Yan [24] have suggested that the success of the QBS is highly dependent on the linkage between contractors' past performance and the evaluation of contractors' qualifications. Once a contractor's past performance becomes an important criterion to evaluate a contractor's qualification, contractors are forced to minimize corner cutting behavior and unreasonable claims, so as to maintain their performance record and competitiveness. This behavioral tendency forms reinforcing feedback loops, which provide contractors with an incentive to respect their performance in the project execution phase [35] .
Policy Implications for the Qualification-Based Awarding System
Different from the situation in the PBS, the use of non-price criteria is able to form reinforcing feedback loops that increase the competitiveness of the non-opportunistic and competent contractors. Some useful criteria should include contractors' past performance, financial capability, work experience, quality of key personnel and technical proposals. It should be noted here that the inclusion of the contractor's past performance has exceptional usefulness in reducing a contractor's willingness to sacrifice project quality and raise claims. Since contractors' BCR seeking behavior (including cutting corners and raising claims) will negatively affect their performance records, contractors are forced to trade off the benefit from BCR and its damages on their bidding competitiveness. To make these loops more effective, the owners need an objective and sensitive performance rating system. Several investigators are working on this line of research, such as the contractor's performance prediction, the contractor's quality performance assessing model, the quality-based contractor rating model and the multi-attribute evaluation of contractors [54] [55] [56] [57] [58] [59] .
Scenario Analysis and Policy Evaluation

The Simulation Model for Analyzing the Dynamics of Market Competition
In this section, the systems model of contractors' competitive behavior is transformed into an SD simulation model to support virtual experiments on the dynamics of market competition and managerial policies under the price-based and qualification-based awarding systems. The simulation model developed in this paper is not used for predicting market prices and market efficiency. Instead, it focuses on explaining and analyzing how specific policy affects contractors' competitive behavior and consequently the market prices. Through iterative simulations, the cause-effect relationships between specific variables of research interest can be understood from a systemic viewpoint.
Previous studies have developed many models to explain contractors' pricing behavior under the PBS. Most of these models regarded contractors' pricing as an optimum decision with the consideration of "cost" and "market competition" factors [60] . In addition to these two factors, Lo et al. [34] proposed BCR as an important factor, which has to be considered for analyzing contractors' pricing behavior, and developed a contractor's pricing model for the PBS. As the price is not the only selection criterion in the QBS, Lo and Yan [24] have proposed a more comprehensive model with the considerations of "cost", "market competition", "BCR" and "contractor's qualification", and the prototype has been adopted as four "stock-flow" modeling structures in this paper.
With four representative stocks, the conceptual feedback structure of the proposed model is shown as Figure 3 . First, from a market competition perspective, as the level of market competition increases, contractors will be forced to lower their bidding prices. The considerations have been modeled as the "MP (market price)" stock-flow structure. Second, from a cost perspective, the contractor's cost condition will determine the bottom line for pricing. The considerations have been modeled as the "cost" stock-flow structure. Third, from the BCR perspective, it is assumed that contractors may accidentally submit an unreasonable low price and then adopt some actions to make up their sacrifices through obtaining BCR. Once contractors have experienced obtaining BCR in the past, they tend to repeatedly cut corners and raise unreasonable claims to maximize profit, regardless of the reasonableness of the award price. Contractors' expectation of BCR will evolve from contractors' previous experiences and will affect the contractors' decisions in determining their bidding prices. The considerations have been modeled as the "RBCR (reference beyond-contractual reward)" stock-flow structure. Finally, from the perspective of the contractor's qualification, the "CQS (contractor's qualification score)" stock-flow structure has been modeled. The meaning of "CQS" represents the specific "contractor's qualification score" in the qualification-based award system, and "RQS" represents the "reference qualification score" as the competitor's level of qualification score. Since the QBS considers not only price, but also the level of a contractor's qualification, contractors with better qualifications could take the competitive advantage to elevate their bidding price. Although many criteria will be used to evaluate a contractor's qualification, the adoption of contractors' past performance specifically generates a feedback relationship between qualification and BCR. Once owners adopt contractor's past performance to evaluate a contractor's qualification, contractors' BCR seeking behavior will deliver negative effects on the qualification and let the contractor face the competitive disadvantage in the tender stage.
In this paper, sustainable development and energy savings can be considered as the results or benefits of a healthy system for project procurements and project-based market competition. Accordingly, we measured the dynamics of market price under different market competition mechanisms (project awarding systems) by the SD methodology and simulation-based scenario analysis. In addition to conventional economic studies that focused on market price, this study considers other variables (and operational variables) related to sustainable development issues, such as quality (price feasibility), opportunistic bidding behavior (degree of opportunism) and construction claims (beyond-contractual reward). In addition, this paper focuses on the evaluation of market competition and contractor's behavior specifically under PBS and QBS defined in the proposed model. All of the definitions of the model variables and specific assumptions in this paper are summarized as shown in the Appendix (Table A1 ). Note that there are other variables that can be influenced by different bidding strategies in different countries, leading to different competitive behaviors. 
Measuring the Market Efficiency and Policy Effectiveness
In this section, a market efficiency index has been proposed to evaluate the effectiveness of different managerial policies along with the simulation results. In addition to the model from previous researchers, the paper proposes new elements of market efficiency and a measureable index. The proposed market efficiency index is different from market price, because it could facilitate the calculation of both the market performance over time and the accumulated results of changing market prices. The index would be more appropriate for policy evaluation and longitudinal analysis. By using the market efficiency index, this paper integrated the conceptual frameworks and simulation models from previous studies that can specifically conduct scenario analysis and evaluate the impacts of different management policies.
In order to explain the proposed market efficiency index, the concept of consumer surplus in microeconomic theory has to be briefly reviewed. The consumer surplus is the amount that consumers benefit by being able to purchase a product for a price that is less than the most that they would be willing to pay. It is a measure of the benefits that consumers gain from the consumption of goods and services. From the perspective of the consumer, a market is considered efficient when it provides the most consumer surplus as possible, while an inefficient market mechanism would induce the loss of consumer surplus. Accordingly, the measure can help researchers and policy makers to evaluate the impacts of different policies on the market performance.
Consumer surplus is the difference between the total amount that consumers are willing and able to pay for a good or service (indicated by the demand curve) and the total amount that they actually do pay (i.e., the market price for the product). The level of consumer surplus is shown by the area under the demand curve and above the ruling market price, as illustrated in Figure In the project-based awarding system, it is theoretically reasonable to infer that project owners would strive to award all projects at the equilibrium price level, which can maximize the consumer surplus, through a price competition mechanism. Since public project owners would have a fixed budget in a regular period, the demand line could be a vertical line, and the consumer surplus would be the difference between the budget (Bx) and the total amount that they actually do pay (shown as Figure 5 ). From the project owners' viewpoint, the market is considered more efficient if the award price (Bpi) is closer to the equilibrium price (Bp*). An example of an inefficient market is shown in Figure 6 ; a certain loss of consumer surplus will be induced if the award price is higher than the equilibrium price. Another inefficient case happens when the award price is lower than the equilibrium price, as shown in Figure 7 . In this case, a loss of consumer surplus will be induced, because some projects cannot be delivered legally at the abnormally low price. Although the abnormal price (Bpi) seems to save money for the project owners at the contract award stage, the total amount is the potential BCR and, thus, cannot be considered as the consumer surplus.
Based on the understanding of consumer surplus and the cases in the project-based competition, this paper further introduces the dynamic perspective of the market price and market efficiency. Previous studies have proposed that, under the project-based price competition mechanism, contractors sequentially bid for projects, and the market will gradually converge to the variable cost as the equilibrium market price [24, 34] . Although the process of price convergence is dynamic, the market is more efficient as the process is faster and the accumulated difference between every award price and the equilibrium price is less. As shown in Figure 8 , the loss of consumer surplus will be reduced, as well as the price competition mechanism functions efficiently. Accordingly, the degree of market efficiency (DME) can be measured as Equation (1) where Bx represents the project budget, Bpi represents the project award price, Bp* represents the equilibrium market price and N represents the number of projects awarded. DME ranges from 0%-100%. A higher DME value indicates that the market is more efficient for the project owners. DME = 100% implies that the market mechanism is perfectly efficient and the project owners can obtain maximum consumer surplus. DME = 0% implies that the market mechanism is completely inefficient and no consumer surplus is retained for the project owners.
The proposed DME measure can be flexibly applied to policy evaluation based on various time spaces. Thus, short-and long-range evaluation of managerial policies can be made with different settings of N for the measure of DME. Since the existence of BCR and abnormally low bids are the characteristics of the project-based market competition, Figure 9 is used to demonstrate the comprehensive view for the measurement of market efficiency. Once bidders submit abnormally low prices, BCRs are increased with time. Thus, the measure of market efficiency in the project-based competition should be modified as Equation (2) Market efficiency has been considered as a subtle concept that is hard to be tested by empirical studies [61] . The proposed measure of the degree of market efficiency is Equation (2), which can function as a comparative basis for simulation-based scenarios analysis and policy evaluation. The market efficiency, as well as the effectiveness of managerial policies for the project-based competition can thus be systematically evaluated. 
Policy Evaluation under the Price-based Awarding System
This section simulates the market price trend for evaluating the effectiveness of managerial policies under the price-based awarding system. In cases without regard for BCR, the PBS assumes that the bidding prices of all contractors reflect their cost, and they abide by the contract and quality requirements. However, the results of the simulations reveal that, when excessive room for BCR exists in the market, contractors who apply an opportunistic bidding strategy enjoy a higher possibility to take extra market share. This will induce them to tender with even lower prices and then pursue compensation from BCR. Therefore, even when the market price is moving toward a certain equilibrium level with time, the market price turns out to be lower than the contractors' cost, forcing other contractors in the market to survive upon BCR.
To improve the market efficiency, two managerial policies are tested in this section. The first policy evaluation is to test the effects of the market competition level on the market efficiency (Policy A). The second policy evaluation is to test the effects of the owner's project management system on the market efficiency (Policy B).
Scenario analysis is performed, and different scenarios under specific policies can be evaluated by the proposed DME measurement. For scenario analysis under Policy A, different numbers of competitors are separately controlled for simulating three distinctive market competition levels, moderate, very keen and very slack. In the proposed model, the reference number of competitors (RNC) assumed by contractors is seven; when the perceived number of competitors (PNC) exceeds seven, price competition among contractors becomes keener. Therefore, the input parameter for PNC was set as random variables, RANDOM (5-10), RANDOM (8-13) and RANDOM (3-6) to simulate the market price trends under three distinctive market competition levels. Although the simulation results suggest that the market prices reached under the three distinctive market competition levels can drop to a price level lower than the contractor's cost, the calculated DMEs demonstrate different consumer surpluses under different market competition levels. As shown in Figure 10 , the very keen competition level can generate a relatively efficient market environment (88.7% and 77.4% of total consumer surplus obtained for different time spaces), while the very slack competition environment can only generate 65.8% and 46.6% of total consumer surplus for the same time spaces (as shown in Table 1 ). Comparative degrees of market efficiency (CDME) to the most efficient policy (A2) can be further calculated for Policy A1 and Policy A3 (refer to Table 1 ). The CDMEs can help policy makers to evaluate the marginal effectiveness of controlling the number of competitors under the same policy direction. The paper further examines the importance of the owner's project management system as Policy B. The degree of strictness of the owner's project management system is assumed to affect the maximum amount of BCR (MBCR), where MBCR = 0.1 Bx represents that the maximum BCR is 10% of the owner's budget. The MBCR is separately set to simulate the market prices under three different degrees of strictness of the owner's project management systems (the MBCR is separately set as 0.1 Bx, 0.06 Bx and 0.02 Bx). The lower the MBCR is, the stricter the project management, and vice versa. The simulation result shows that, at the same competition level, different BCR levels result in different equilibriums of market price (see Figure 11) . Therefore, the simulation results demonstrate that reducing the possibility and amount of BCR is the critical task for project owners. Table 1 . The numerical analysis of market efficiency under managerial Policy A. CDME, comparative degrees of market efficiency. DMEs under different strictness of the project management system are evaluated to improve the understanding of the effectiveness of the policy. As shown in Table 2 , the calculated DMEs suggest that, under the same competition level, market efficiency can be improved by Policy B (from 87.2%-90% of total consumer surplus for 100 projects awarded; from 74.7%-80% of total consumer surplus for a 50 projects awarded time space). CDMEs are calculated to understand the marginal effectiveness of the efforts on strengthening the project management system as the reference for decision making. 
Scenarios
Policy Evaluation under the Qualification-Based Awarding System
This section tests the market competitive behavior and market efficiency under the QBS. Two managerial policies are evaluated with scenario analysis. The first policy evaluation is to understand the effects of the owner's qualification standards on the market efficiency (Policy C). The second policy evaluation is to understand the effects of the owner's performance rating system on the market efficiency (Policy D).
For the evaluation of Policy C, the owner's qualification standard is associated with the competition environment. Three scenarios are analyzed by assuming: (1) that a contractor dominates the market; (2) a very keen competition; and (3) a fairly dynamic competition environment (a contractor's qualification score is significantly higher than the reference qualification score in the market; is significantly lower than the reference qualification score; is slightly lower than the reference qualification score, respectively). The simulation results suggest that, once a contractor dominates the market, the contractor can gradually increase the bid price with a relatively competitive advantage, and thus, the market price increased over time (refer to MP1 in Figure 12 ). On the contrary, when most of the contractors' qualifications are worse than the general level of the competitors' qualification, contractors are forced to cut the price for their relative disadvantage in qualification. Thus, the price competition pressure forces the market price to be lower than the contractor's cost, and the contractor will be forced to obtain BCR to make up the sacrifice (refer to MP2 in Figure 12 ). MP3 in Figure 10 represents the dynamic market price trend when the market is fairly competitive and no dominant contractor exists.
The DME measurements demonstrate the significant difference of different qualification standards. For scenarios analysis under Policy C, the DME of the market dominated by a contractor would only reach 3.9% and 8.1% of total consumer surplus for a 100 time space and a 50 time space, respectively, while proper competition can reach 97.2% and 94.3% of total consumer surplus, respectively (refer to Table 3 ). The CDMEs can further help policy makers to evaluate the marginal effectiveness of controlling qualification standards under the same policy direction. The evaluation of Policy D examines the effects of the owner's quality consciousness on market efficiency. This paper uses different settings of owner's tolerance of defects to represent different levels of owner's quality consciousness. As the owner's quality consciousness is higher, the owner's tolerance of defects is lower, and contractor's work performance will be more strictly rated in the qualification score. The owner's tolerance of defects has been divided into three levels for policy evaluation (0.05 Bx, 0.01 Bx, 0.1 Bx, respectively). Figure 13 shows the impacts of the low tolerance of defects on the market efficiency. As the owner's tolerance of defects is lower, contractors' expected BCR decreases, and the competitive price would be closer to the contractor's cost. The simulation results suggest that, once owners keep high quality consciousness with a low tolerance of defects and rate contractors' performances strictly, contractors' intentions to BCR can be effectively controlled and contractors' bidding price can be directed to a reasonable level. For the dynamics of competition, DMEs reflect the significant effects of Policy D (shown in Table 4 ). For example, once the owner implements a strict performance rating policy, the market efficiency is 97.7% and 95.3% of total consumer surplus based on 100 and 50 time spaces, respectively, but can fall to 65% and 32.1% of total consumer surplus in the same time if the owner did not strictly conduct a performance rating system. The cumulated amount of BCR also reflects the effectiveness of Policy D. 
Conclusions
While awareness and new standards for sustainability are increasingly accepted in developed countries, effective governmental policies and market mechanisms could be strong facilitators that promote the quality of living and green innovation. Sustainable development and energy savings therefore are the benefits evolving from a healthy system of project procurement and market competition. From a systems perspective, this paper identified the characteristics of the project-based market competition and contractor's behavioral feedback loops induced in the building and construction sectors to better understand the system and policies for improving industry performance. The proposed system dynamics model took an across-projects viewpoint to analyze the persistent relationships between project awarding systems and contractors' competitive behavior as a whole system issue. Instead of showing how a project awarding system induces a project outcome, this study focused on discovering contractors' competitive behavioral loops under specific market environments. By understanding the whole system of the contractors' behavior, the dynamics of market competition and policy implications for sustainable developments can thus be systematically analyzed. This paper proposes the perspective of market efficiency and a measureable index that helps to calculate the market performance over time and the accumulated results of changing market prices. Compared to the conventional approach focused on market equilibrium price, this paper contributes to quantifying the impacts of intended policies and objectively evaluates the performance over time with scenarios analysis performed by iterative simulations.
Based on the research results, four policy implications were identified for facilitating sustainable development in the building and construction sectors, with an improved project-based market competition mechanism. First, when BCR becomes one of the inherent factors in the project-based market competition mechanism, the level of competition is related to market efficiency, but has less impact on the equilibrium market price level. Governmental policy on qualifying contractors and controlling the number of competitors would significantly improve consumer surplus, while abnormal bids could still be a concern in the system. Second, contractors' expectation of BCR is a source of opportunistic bidding behavior directly related to the strictness of the owner's contractual and operational project management system. As the project management system is improving, the market price level would be evolved to a reasonable equilibrium point sooner and higher consumer surplus obtained. The findings suggest some policy leverage on the improvements of project quality control and management system, contractual arrangements for disputes and claims management and other institutional arrangements to lower contractor's expectation of BCR. Third, the use of non-price criteria for project awarding, such as contractors' past performance, work experience, financial capability, quality of key personnel and technical proposals, would enhance the positive feedback effects that increase the competitiveness of the non-opportunistic and competent contractors. Our simulation-based scenario analysis demonstrated that the qualification standards have significant impacts on contractors' relative competitive advantages and the market efficiency. Finally, the simulation results suggest that the owners' quality consciousness and rating system for contractors' performances are significant factors that moderate contractors' opportunistic bidding behavior, and the market price can be directed to a reasonable level. The results indicate the importance of the weight of past performance in the qualification-based evaluation process, so as to enlarge the competitive advantage of contractors who provide higher quality products and reduce the adverse effects of abnormally low bids.
Methodologically, this paper has built up an analytical framework and operational models for analyzing the project-based competitive market and policy implications for sustainable developments. This can practically help policy makers to pursue more consumer surpluses, as well as savings of project expense. Future research could adopt the proposed model for a specific project market and conduct an empirical study with real data. Note that there are other types of projects not included in the proposed model, such as collaborative project arrangements, contractor-owner partnering contracts and strategic alliance projects. Once the contractors' behavioral tendency, variables and model assumptions have been formalized, they can be applied or further modified to provide more valuable insights into project-based market competition and sustainable development. Represents how quickly the contractor tries to correct the shortfall between MP and actual award price: if the contractor seeks to correct the shortfall quickly, the adjustment time would be small.
Expected Market Price
Since MP is considered as a reference to competitors' prices, it is reasonable to infer that contractors will determine a price lower than MP, so as to win the bid. The adjusted price is called "expected market price".
Award Price
The lowest price among all the offers.
Market Share Market share.
Allowance Factor Represents the discount rate on the market price. A higher discount rate indicates the contractor is more eager to win the bid.
Screening Power
The level of standards for contractor's pre-qualification.
Effect of Competition on Price
The parameter to indicate the effect of number of competitors on contractors' bidding price.
Sensitivity of ECP Sensitivity of ECP (SECP) represents the weight of the effect of competition on price, where the value of SECP ranges from 0-1.
Reference Number of Competitors
The predicted number of competitors based on previous bids (for example, the average number of competitors in previous projects).
Perceived Number of Competitors
The number of competitors speculated before the bid.
2.The "Cost" stock-flow structure
Cost
Contractor's cost.
Decrease in Cost
The decrease or increase of contractor's cost per time unit.
Limit for Cost Improvement The upper limit of contractor's cost improvement.
Adjust Time to Cost Improvement The time needed for contractors to improve their cost advantage.
Budget for R&D The budget for research and development.
Investment Ratio
The investment ratio for cost improvement.
Expected Cost Contractor's expected cost.
C The contractor's cost condition will determine the bottom line for pricing.
Price Feasibility Price feasibility = bidding price/cost 3.The "BCR" stock-flow structure
RBCR
The reference amount of beyond-contractual reward. It represents a contractor's expectation of the possible amount of the BCR in a project. As contractors may have different experiences of obtaining a BCR, each individual contractor is assumed to have a different RBCR.
Change in RBCR The increase or decrease of RBCR per time unit.
Time to Adjust Expectation The time needed for contractors to adjust their RBCR.
Earned Beyond-Contractual Reward
Represents the "earned beyond-contractual reward" in the latest project.
Maximum Beyond-Contractual Reward
Represents the maximum beyond-contractual reward.
Attempted Beyond-Contractual Reward
Represents the attempted beyond-contractual reward. Table A1 . Cont.
Model Variables Definitions
3.The "BCR" stock-flow structure
Degree of Opportunism Degree of Opportunism ranges between 0 and 1 in this study, and the higher it is, the stronger the tendency for the contractor to indulge in abnormal behaviors for RBCR.
Attempt Remain for Contract
Represents the attempted beyond-contractual reward.
4.The "CQS" stock-flow structure
CQS
Represents specific "contractor's qualification score" in the qualification-based award system.
Change in QP The increase or decrease of qualification score per time unit.
Time to Adjust QP The time needed for contractors to adjust their qualification.
RQS
Represents "reference qualification score" as the competitor's level of qualification score.
Performance Record The contractor's past performance be recorded from 0-100.
Tolerance
The owner's tolerance of defects (measured by the BCR gained by the contractor).
The variable represents different levels of the owner's quality consciousness. As the owner's quality consciousness is higher, the owner's tolerance of defects is lower and contractor's work performance will be more strictly rated into qualification score.
QP Shortfall
The gap between CQS and RQS.
